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Abstract –  8 
Grid frequency deviation occurs due to the power mismatch and is corrected by a series of 9 
control actions carried out by the generators. At present, the correction of the frequency 10 
deviation is limited by the ramp rates of generators, which depend on the inertia of their rotating 11 
masses. Under the increasing penetration of intermittent renewable energy sources, the task of 12 
frequency regulation becomes more demanding in terms of response times due to the frequent 13 
power mismatches and reduction of system inertia. An energy storage system (ESS) can be an 14 
effective means of regulating the frequency due to its general fast response characteristics. A 15 
comprehensive work package is developed in MATLAB/Simulink and Matpower to study how 16 
ESS can handle the rapid changes of frequency continuously within a specified window of its 17 
state of charge (SOC). This paper includes an IEEE 24-Bus grid network modeling, the sizing 18 
of ESS and also proposes ESS controllers with offset control algorithms as the sustainable 19 
solution for frequency regulation. As such, the modularity design of the test system allows 20 
various types of ESS or loads to be tested. The locations for ESS to be placed on the network 21 
are also identified for the best frequency regulation response without causing any grid voltage 22 
violations. Meanwhile, the scenarios of high penetration of photovoltaic systems and 23 
undersized ESS are also investigated. The results indicate that ESS is able to maintain the grid 24 
frequency under the intermittency of photovoltaic systems continuously. 25 
 26 
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1. INTRODUCTION 30 
Grid frequency is important to be regulated at 50 Hz or 60 Hz at all times in an AC electric 31 
network. Any deviation of frequency from the nominal value is caused by the imbalance 32 
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between generation and demand; an excess of the demand yields the decrease in the frequency 33 
and vice versa (Rojas and Lazarewicz, 2004).  A significant deviation of frequency can trigger 34 
the power plants to shut down, causing power interruptions to the customers. Therefore, any 35 
power mismatch is corrected by ramping up or down of power generation through primary and 36 
secondary control actions. In a frequency event, the primary control action is to kick in within 37 
30 seconds before the secondary action takes over. Should the latter is not sufficient to stabilize 38 
the frequency, tertiary control action will be activated. An illustration of the deployment of the 39 
control actions is shown in Fig. 1. 40 
 41 
 42 
Fig. 1. Deployment of frequency control actions 43 
 44 
The restoration of frequency is achieved through a sequence of control actions that may take 45 
up to several minutes. This is because the rotors in the generators have a high moment of inertia 46 
and low power ramping ability, in turn slowing down the response of the generators towards 47 
any frequency changes (Y.V. et al., 2008). With the increased penetration of renewable energy 48 
sources on the networks, some generators will be replaced for power generation. The resulted 49 
reduction of the system inertia and the intermittent power output of these sources increase the 50 
occurrence of frequency deviations (Hyeon Jin et al., 2016). As such, additional standby 51 
generators may be required for frequency regulation, which can increase the electricity tariffs 52 
to be borne by the consumers (Koh et al., 2011).   53 
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An energy storage system (ESS) can be used as an effective means for frequency regulation on 54 
the low-inertia networks because it has a high ramping rate, allowing ESS to respond to 55 
frequency changes much faster than that of the generators. This approach has been well-tested 56 
in Europe and Americas (Imre P, 2003; Lazarewicz and Arseneaux, 2006). Some of the actual 57 
deployed physical projects for frequency regulation are a 1MW/250kWh of lithium-ion system 58 
at Hawaii (HNEI, 2014), a 1MW/580kWh of lithium-ion system at Zurich (Koller et al., 2015) 59 
and a 4MW/8MWh lithium ion project at Jeju Island (Mannuelito Del et al., 2014). Other forms 60 
of the energy storage tested for frequency regulation purposes include flywheels (Rojas and 61 
Lazarewicz, 2004), vanadium redox flow battery (Johnston et al., 2015; Lucas and 62 
Chondrogiannis, 2016; Shankar et al., 2016), pumped storage (Pérez-Díaz et al., 2014), electric 63 
vehicles (EVs) (Falahati et al., 2016; Zhong et al., 2014), capacitors (Das et al., 2011; 64 
Dhundhara and Verma, 2018) and hybrid energy storage system (HESS) (Li et al., 2017), 65 
ranging from interconnected power systems and microgrids to isolated networks.  66 
 67 
In general, most of the studies done by other authors focused mainly on the control performance 68 
and tuning of ESS for frequency regulation. As such, the analyzed frequency response time 69 
frame is within seconds or minutes (Attya et al., 2018; Hemmati et al., 2018; Ramírez et al., 70 
2018), without considering how ESS can maintain its operability under an imposed window of 71 
the state of charge (SOC). Also, the authors have not considered the network locations that ESS 72 
should be placed for such purpose to avoid any voltage violations. Apart from that, the effects 73 
of reducing the capacity of ESS on the quality of frequency regulation have not been 74 
investigated. 75 
 76 
The main contribution of the study is to develop a comprehensive work package of using ESS 77 
for frequency regulation continuously in an interconnected power system. ESS has been proven 78 
to be an effective means of providing multiple ancillary services such as voltage regulation 79 
(Ahmadi et al., 2015), demand response (Rezaei and Kalantar, 2015), grid balancing and 80 
arbitrage (Kintner-Meyer et al., 2012). The main focus of this research is to use ESS to regulate 81 
the frequency of the grid by changing its real power output based on the mismatches between 82 
generation and demand, hence providing additional function of ESS to the power grid. The real 83 
power output has a significant effect on the frequency changes as frequency is a measure of the 84 
rotational speed of rotors in the power plants. Any rise or fall in the frequency indicates that 85 
the kinetic energy of the rotors is increased or reduced in response to the changes in the real 86 
power demand. The role of ESS is that it changes its real power output to smooth out any 87 
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sudden changes in the real power demand and renewable energy output, projecting little real 88 
power demand changes to the power plants. As a result, the kinetic energy of the rotors remains 89 
relatively constant and so the frequency of the network. Although the reactive power output of 90 
ESS has a significant effect on the voltage level of the transmission network where X/R ratio 91 
is high, it has little impact on the frequency of the network. This is because frequency is a 92 
measure of the kinetic energy, a source of real power, stored as a rotational speed of the rotors. 93 
The kinetic energy can only be converted to real power by the generators and the rate of 94 
conversion depends on the power demand (Kothari and Nagrath, 2011). Therefore, frequency 95 
regulation is only possible with the use of real power. 96 
 97 
The proposed work package provides significant contributions to the network operators or 98 
utility companies because it is a useful tool specifically developed to address all the important 99 
aspects of using ESS to achieve the required quality of frequency regulation. The network 100 
operators or utility companies can use this tool to evaluate the quality of frequency regulation 101 
provided by ESS on different control zones with the different penetration of renewable energy 102 
sources. It can also be used to identify the best locations of ESS on the network without creating 103 
any voltage violations. Also, the quality of the frequency regulation can be evaluated by using 104 
this tool if the capacity of ESS is reduced in order to address the financial constraint for the 105 
investment of ESS. The behaviour of the battery’s SOC can be simulated with this tool if the 106 
required batteries’ lifespan can be achieved to justify the financial viability of the energy 107 
storage project. This work package is particularly useful to many countries which are in the 108 
pipeline of improving the quality of electricity supplies under the growth of renewable energy 109 
sources. This work package can be extended to include the model of the load frequency control 110 
(LFC) as the load can be changed regularly to maintain the frequency of the network as 111 
presented by the authors of (Aziz et al., 2018; Basir Khan et al., 2018; Pradhan and Bhende, 112 
2019; Saxena, 2019). 113 
 114 
The proposed work package is a creation of the authors, by running simulations putting together 115 
the network models in MATLAB/Simulink and Matpower. In the work package, a novel offset 116 
control algorithm is developed in MATLAB/Simulink to reserve the capacity of ESS. The 117 
model is able to determine the required capacity of ESS and can be used to study the effects of 118 
undersizing ESS on the quality of frequency regulation. Then, a load flow program is 119 
developed in Matpower such that a load flow study can be performed after the simulation in 120 
MATLAB/Simulink to determine the voltage magnitudes across the network with a given 121 
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distribution of ESS. The results of the load flow study are used to confirm that the distribution 122 
of ESS across different control zones of the network should not create any voltage violation 123 
issues; otherwise another different distribution of ESS has to be designed. Essentially, this work 124 
package is used to carry out a case study on IEEE 24-Bus System to investigate the feasibility 125 
of using ESS as a means of frequency regulation under the increased penetration of 126 
photovoltaic system. The paper begins with the proposed work package in Section 2, followed 127 
by the case studies on IEEE 24-Bus System in Section 3 and conclusion in Section 4. 128 
 129 
2. Overview of the Proposed Work Package for Using Energy Storage System for 130 
Frequency Regulation 131 
 132 
Fig. 2. The flow chart of the proposed work pakage of utilizing ESSs for frequency regulation  133 
 134 
The flow chart for the proposed work package of using ESSs for frequency regulation is 135 
illustrated in Fig. 2. The proposed framework consists of 6 steps. The first step is to model a 136 
power system network and define the control zones of the network in MATLAB/Simulink. The 137 
IEEE 24-Bus Reliability Test System (RTS) is used in this case. The second step is to model 138 
the system frequency response of every control zone on the network. The third step is to model 139 
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the load profiles of the network and establish the schedule of the power plants on the network. 140 
The details of step 1, 2 and 3 with the relevant mathematical equations are provided in 141 
subsection 2.1, 2.2 and 2.3 respectively.  142 
In the fourth step, the energy storage systems (ESS) with the aid of an offset control algorithm 143 
are modeled across the different control zones of the network for frequency regulation. The 144 
performance of ESS is evaluated with respect to different locations and sizes of ESS over a 145 
period of time while the state of charge (SOC) is being maintained within the required tolerance. 146 
The fifth step is to transfer the parameters of the power system network integrated with ESS 147 
from MATLAB/Simulink to Matpower to perform load flow studies such that the voltage 148 
quality of the network can be studied with respect to different sizes and locations of ESS across 149 
the different control zones. The details of step 4 and 5 are described in subsection 2.4 and 2.5 150 
respectively.   151 
The power plants, the system frequency response of any control zones and ESS are modelled 152 
by using transfer functions which are linear equations expressed in the Laplace transform. The 153 
transfer functions are a powerful method to solve any non-linear equations of input and output 154 
in the real systems. Therefore, numerical techniques are not required to solve the models of the 155 
power plants, system frequency response and ESS in this proposed work package. 156 
2.1  IEEE 24-bus Reliability Test System 157 
The linearized SFR model of the IEEE 24-bus RTS is modeled in MATLAB/Simulink to 158 
simulate the power output of every generating unit and the frequency response towards daily 159 
load profiles (Reliability Test System Task Force, 1979). The test system is later modeled in 160 
Matpower to carry out the load flow studies. IEEE 24-bus reliability test system is an ideal 161 
network for this study because it is a typical transmission network with several power plants 162 
being scheduled for frequency regulation as the usual practice. The network is small enough 163 
such that the proposed work package can be used to demonstrate how ESS can be placed on 164 
the network to restore the frequency. As such, relatively simple mathematical equations and 165 
graphs are provided to illustrate the application of the tool. However, this tool can be used for 166 
any large power system network with the same steps involved such that the necessary results 167 
can be generated to justify the feasibility and effectiveness of using ESS for frequency 168 
regulation. 169 
 170 
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Three control zones, namely zone 1, 2 and 3, are defined on the RTS as shown in Fig. 3 to 171 
simulate the actual interaction between the control zones on the network, in which the 172 
generation of each zone is sufficient to meet its load. Since RTS is an old test system, its 173 
composition is modified such that certain thermal power plants are substituted by fast-174 
responding gas power plants, besides representing a more realistic mix of power plants in the 175 
modern power system. The RTS is improvised to contain three types of power plants; 176 
hydropower plants (HPPs), thermal power plants (TPPs) and gas power plants (GPPs), where 177 
each control zone contains a certain percentage of GPPs for grid regulation purposes. The 178 
description for the substitution is given in Table 1.  179 
 180 
Fig. 3. IEEE 24-bus RTS with three control zones for frequency control 181 
 182 
Table 1.  Substitution of power plants on IEEE 24-bus RTS 183 
Bus Number Original Substituted by 
Bus 1 and Bus 2 2 x 20MW GPPs respectively 2 x 20MW  TPPs respectively 
Bus 7 3 x 100MW TPPs 3 x 100MW GPPs 
Bus 13 3 x 197MW TPPs 3 x 197MW GPPs 
Bus 15 5 x 12MW and 155MW TPPs 5 x 12MW and 155MW GPPs 
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Bus 18 400MW Nuclear Power Plant 400 MW TPP 
Bus 21 400MW Nuclear Power Plant 400 MW GPP 
 184 
2.2  System Frequency Response (SFR) Model of the IEEE 24-bus Test System 185 
 186 
System frequency response (SFR) model has been employed by various authors in their studies, 187 
ranging from an isolated power system (Dahiya et al., 2018) to multi-area interconnected power 188 
system (Shankar et al., 2016). A summary of other variants of SFR models can be found in the 189 
reference (Dhundhara and Verma, 2018).  190 
Fig. 4(a) shows the SFR model of control zone 1 while Fig. 4(b) shows the transfer functions 191 
of each type of the power plants. In each control zone, power plants of the same type on each 192 
bus are lumped into a single unit to simplify the simulation. Meanwhile, the power plants are 193 
modeled based on its respective power rating and ramp rate (Black, 2012) 194 
 195 
A standard 5% droop rating, R, expressed as the ratio of frequency change to power output 196 
change, is assumed for all the modeled power plants, which acts as the primary control. The 197 
secondary control is modeled with an integral term, to sum up the required power over time to 198 
maintain a steady-state zero frequency error. In short, a proportional-integral (PI) governor is 199 
modeled for all power plants. Essentially, the model simulates the power mismatches of the 200 
three control zones, taking into account of the current load level, power generation and inter-201 
area power transfer from other control zones. The frequency deviation is evaluated from the 202 
Swing Equation, shown in Eq. (1), where 𝑃𝑚 and 𝑃𝑒 are the mechanical and electrical power of 203 
the rotor respectively, 𝑓0 is the nominal grid frequency and 𝐻 is the inertia constant of the 204 
machine. 205 
 
𝑑𝑓
𝑑𝑡
= 𝑓0
𝑃𝑚−𝑃𝑒
2𝐻
 (1) 206 
The frequency deviation signals are proposed to be split into two; high-frequency and low-207 
frequency signals, the former is to be picked up by the ESSs and the latter by the power plants 208 
(Leitermann, 2012). The MATLAB/Simulink model outputs the bus-level power generation 209 
based on the defined constraints, subject to the load profile fed to the model. As such, the time 210 
series data for power generation is generated and used with the load data for the power flow 211 
studies in Matpower. 212 
 213 
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(a) 215 
  216 
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 217 
(b)  218 
Fig. 4. (a) SFR model of zone 1 and (b) block diagrams of the different power plants  219 
 220 
2.3  Load Profile Modeling and Power Plant Scheduling 221 
 222 
As the data points of the RTS load profile are only available hourly, load demand with a 223 
fluctuation of ±1% of the peak power in every second is modeled. Fig. 5 shows the daily 224 
scheduling of power plants of control zone 1. HPPs and TPPs are to supply constant power 225 
while GPP is proposed to track a second-degree function of the power profile. The mismatch 226 
between the actual load profile and the generation profile manifests itself as frequency 227 
deviations, which are to be detected both by power plants and ESSs. 228 
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 229 
Fig. 5. Daily scheduled supply of power plants of control zone 1 230 
 231 
2.4  Modeling of ESS with its Offset Control Algorithm  232 
 233 
Fig. 6. ESS model with a PID controller for frequency regulation 234 
In actual ESS projects, variants of the traditional PI controllers are used consistently for its 235 
reliable performance (Mannuelito Del et al., 2014). In our earlier studies (Greenwood et al., 236 
2017), we have noticed that PI controllers are lagging in response to sudden frequency change. 237 
Meanwhile, other authors have shown that incorporating the derivative component in the 238 
controller is effective to act as a virtual inertia to reduce the rate of change of frequency 239 
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(ROCOF) (Knap et al., 2014; Serban and Marinescu, 2014). Hence, in this paper, a 240 
proportional-integral-derivative (PID) controller is proposed to evaluate for the quality of 241 
frequency regulation. The proportional term is modeled with a droop control to share the power 242 
commitment for frequency regulation, where the secondary control consists of both integral 243 
and derivative controls, as shown in Fig. 6. The PID gains of the ESS are computed using the 244 
PID Tuner which is a useful tool in MATLAB/Simulink.  245 
 246 
2.4.1  Identifying ESS Capacity for Satisfactory Frequency Regulation 247 
The required ESS size for frequency regulation is estimated based on one week of simulation 248 
results in the paper. Since the cycle life of battery decreases exponentially with its depth-of-249 
discharge (Gan et al., 2015), other studies have mainly set the SOC operating range of battery 250 
to be less than 20% (Megel et al., 2013; Xu et al., 2014). In this study, the ESS operating range 251 
is set to be from 65% to 85%, in which 20% of capacity is usable. Hence, the required ESS size 252 
has to be scaled up by about a factor of 5.  253 
 254 
2.4.2  Reserving the Energy of ESS with the Aid of an Offset Control Algorithm  255 
The SOC of the batteries has to be monitored throughout the operation of ESS to ensure that 256 
ESS has enough energy (kWh) to handle frequency regulation at all times. The SOC is 257 
computed using the formulae of power integral as given by Eq. (2). 258 
𝑆𝑂𝐶(𝑡 + 𝑘) = 𝑆𝑂𝐶(𝑡) −
∫ ŋ𝑃(𝑡)𝑑𝑡
𝑡+𝑘
𝑡
𝐸
,                            (2) 259 
ŋ =
1
ŋ𝑑
   𝑖𝑓 𝑃(𝑡) > 0,     ŋ = ŋ𝑐   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                         (3) 260 
where ŋ𝑑 and ŋ𝑐 are discharging and charging efficiencies respectively, equally set at 90%, k 261 
is the total time at which ESS absorption or injection occurs and E is the nominal energy 262 
capacity of the ESS. 263 
 264 
One frequently proposed energy reservation technique is deadband charging with dump-loads 265 
whereby ESS charging occurs when the frequency falls within a response deadband zone, 266 
which is inefficient as the availability of charging is subject to circumstances while dump-loads 267 
waste off energy and incur maintenance and material costs. Meanwhile, other authors 268 
implemented an offset algorithm that alters the magnitude of power injection and absorption 269 
of ESS to conserve the energy content, ranging from moving-average to zero-mean signals, 270 
summarized in the reference (Megel et al., 2013).  271 
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 272 
In this paper, an offset algorithm is proposed as an additional feature to the PID controller as 273 
shown in Fig. 6 such that the ESS operation is undisturbed until SOC goes out of a defined 274 
healthy range. It is particularly useful during a large fluctuation of frequency; otherwise the 275 
ESS could run out of energy for frequency regulation. In another word, the offset algorithm is 276 
a slow charging and discharging mechanism implemented to avoid the depletion of energy 277 
content in ESS. When the SOC goes outside the specified upper and lower thresholds SOCTU 278 
and SOCTL respectively, ESS enters a slow charging or discharging mode where a new ramping 279 
rate (𝑅′𝑜) is introduced by the offset algorithm such that ESS reduces its power output over a 280 
given frequency change. The offset algorithm maintains this ramping rate (𝑅′𝑜) for ESS until 281 
the SOC recovers to the healthy range. During the slow charging or discharging mode, the 282 
power plants pick up the power being reduced to mitigate the remaining frequency changes 283 
that ESS fails to solve. To ensure that the power plants have sufficient time to pick up the 284 
remaining frequency changes and carry out the appropriate control actions, the ramping rate 285 
(𝑅′𝑜) must be lower than the net ramping rate of all the power plants in a particular control 286 
zone. Therefore, the following condition must be fulfilled where 𝑅′𝑜,𝑘 is the ramping rate of 287 
ESS in the control zone k, n is number of power plants in the control zone k and 𝑅′𝑝𝑝,𝑖.𝑘 is the 288 
ramping rate of a power plant i. 289 
 𝑅𝑜,𝑘
, ≤ ∑ 𝑅𝑝𝑝.𝑖.𝑘
′𝑛
𝑖=0  (4) 290 
 291 
 292 
 293 
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 294 
Fig. 7.  Power output of ESS with the aid of the offset algorithm 295 
 296 
Fig. 7 illustrates the operation of the offset in reducing the power output of ESS when the SOC 297 
drops below the lower threshold (SOCTL). During Region I, ESS supplies power to the grid for 298 
frequency regulation, causing the SOC to drop. During Region II, the SOC drops below the 299 
defined lower threshold of 65%, therefore ESS enters a slow discharging mode where a 300 
constant ramping rate (𝑅′𝑜)  is applied by the offset algorithm to reduce ESS power output. As 301 
a result, the energy content of ESS can be reserved. The difference between ESS power 302 
(without offset) and ESS power (with offset) is the offset power, to be picked up and supplied 303 
by the power plants during the slow discharging mode. Throughout Region III, the offset power 304 
stays constant because it is the maximum value set for the stability of the algorithm. It is noticed 305 
that the SOC recovers slowly and reaches the threshold value at T3. This indicates that the 306 
offset algorithm is able to restore the SOC to the healthy range. After T3, the offset algorithm 307 
slowly removes the ramping rate and releases its role completely at T4. Hence, starting from 308 
T4, ESS reverts back to its normal charging or discharging mode.  309 
 310 
 311 
2.5  Load Flow Studies in Matpower for Ensuring Satisfactory Voltage Conditions 312 
under a Specified Distribution of ESS across the Network 313 
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Various distributions of ESS are designed across the control zones to identify the distribution 314 
for the best frequency regulation quality. Thence, load flow studies are carried out in Matpower 315 
to determine the voltage magnitudes of all the buses of the network. These results are used to 316 
ensure that the voltage conditions are satisfactory under a specified distribution of ESS across 317 
the network. The load flow analysis is carried out during the maximum and minimum power 318 
mismatches between generation and load because voltage violation is most likely to occur 319 
during these two conditions.  320 
 321 
2.6  Effects of ESS Capacity, Distribution and PV Penetration on Frequency 322 
Regulation 323 
This paper presents the scenarios of reducing the capacity of ESS on frequency regulation 324 
performance with the action of offset algorithm to conserve the capacity. Besides that, a 325 
scenario of 25% penetration of photovoltaic system is also included in the study. A typical 326 
power output of the photovoltaic system is extracted from the reference of (Wong et al., 2014) 327 
and then scaled up to represent the daily profile of the photovoltaic system. 328 
 329 
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 330 
Fig. 8 Distribution of photovoltaic systems on the RTS 331 
 332 
The positions of photovoltaic systems adopted in the simulation model is shown in Fig. 8. The 333 
photovoltaic systems on Bus 19 in zone 1 and distributed across several buses in zone 2 and 3 334 
are intended to act as solar farms. 335 
 336 
3. CASE STUDIES AND RESULTS 337 
3.1 Frequency Regulation Performance with Respect to Installation Locations of ESS 338 
on Zone 1, 2 and 3 of RTS Network 339 
Five case studies have been performed to evaluate the frequency regulation performance with 340 
respect to the installation locations of ESS on zone 1, 2 and 3 of RTS network. The following 341 
lists down the criteria of the five case studies. 342 
1. Case study 1: ESS is not used in the RTS network. The results are used as the base or 343 
reference value to be compared with the results of other case studies. 344 
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2. Case study 2: ESS is installed on zone 1 only. 345 
3. Case study 3: ESS is installed on zone 2 only. 346 
4. Case study 4: ESS is installed on zone 3 only. 347 
5. Case study 5: ESS are installed on all the three zones. 348 
All the case studies were performed based on the same load profiles that were collected over a 349 
particular week. In each case study, the frequency of the network throughout the week was 350 
simulated using the proposed package. The deviations of the frequency from 50 Hz, the 351 
nominal frequency, were then determined and presented in the histogram to show how often 352 
each frequency deviation occurs over the week under each case study. The narrower the spread 353 
of the histogram’s bars, the better the quality of the frequency regulation.   354 
 355 
Fig. 9. Histogram of 7-day frequency deviations for zone 1, 2 and 3 when ESS is not installed 356 
on the test network  357 
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 358 
Fig. 10. Histogram of 7-day frequency deviations for zone 1, 2 and 3 when ESS is installed 359 
on zone 1 only 360 
 361 
 362 
Fig. 11. Histogram of 7-day frequency deviations for zone 1, 2 and 3 when ESS is installed 363 
on zone 2 only  364 
 365 
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 366 
Fig. 12. Histogram of 7-day frequency deviations for the three control zones when ESS is 367 
installed on zone 3 only 368 
 369 
 370 
Fig. 13. Histogram of 7-day frequency deviations for the three control zones with ESS 371 
installed on all the control zones 372 
 373 
Fig. 9 shows three histograms of frequency deviations for zone 1, 2 and 3 under case study 1 374 
where ESS is not installed on the network. It is found that the spread of each histogram is ±0.1 375 
Hz, which is used as the reference value to be compared with the results of other case studies. 376 
Fig. 10, 11 and 12 show the histograms of frequency deviations for the three zones under case 377 
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study 2, 3 and 4. The results show that the spread of the histograms for the zone on which ESS 378 
is installed is narrower than the reference value. This means that ESS improves the quality of 379 
frequency regulations on the zone where ESS is present.   380 
 381 
Fig. 13 show the histograms of the frequency deviations on every zone under case study 5 382 
where ESS is installed on the three zones. It is found that the spans of the bars in the histogram 383 
are narrower than the reference value. This means that the presence of ESS on every zone 384 
provides the best quality of frequency regulation for the network. Table 2 summarizes the 385 
results of all the case studies. The standard deviations of case study 5 are the smallest among 386 
the case studies. This indicates that an even distribution of ESS across all the zones is an 387 
effective approach for achieving a high quality of frequency regulation.  388 
 389 
Table 2. Standard deviations of the histogram of 1-week frequency deviation profile for each 390 
ESS location 391 
 392 
Case Study ESS 
Location 
Frequency Deviation (Hz) 
Control Zone Standard Deviation 
Case Study 1 No ESS Z1 0.0153 
Z2 0.0158 
Z3 0.0162 
Case Study 2 
 
Zone 1 (Z1) Z1 0.0121 
Z2 0.0131 
Z3 0.0143 
Case Study 3 Zone 2 (Z2) Z1 0.0134 
Z2 0.0126 
Z3 0.0150 
Case Study 4 Zone 3 (Z3) Z1 0.0155 
Z2 0.0159 
Z3 0.0136 
Case Study 5 All Three 
Zones 
Z1 0.0105 
Z2 0.0106 
Z3 0.0105 
 393 
 394 
3.2 Voltage Magnitudes of RTS Network under Different Distributions of ESS 395 
across the Network 396 
To ensure that the voltage magnitudes across the network stay within the allowable statutory 397 
limits throughout the operation of ESS, load flow studies were carried out in Matpower based 398 
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on the network data and other relevant information from the models in MATLAB/Simulink. In 399 
the load flow program, there are three types of buses, namely the reference bus, PV bus and 400 
PQ bus. It is important to note that PV does not stand for photovoltaic system in this case.  The 401 
reference bus is used as a node where its voltage magnitude is fixed at all times. Therefore, the 402 
voltage magnitude of the reference bus remains constant regardless of whether or not ESS is 403 
installed on the reference bus. On the other hand, PV bus is also known as a generator bus 404 
where its voltage magnitude is unchanged if ESS is installed on the bus unless the capacity of 405 
ESS is too large. PQ bus is a load bus whereby the voltage magnitude of the PQ bus will change 406 
when ESS is installed on the PQ bus.  407 
 408 
To understand how the locations of ESS on PV and PQ buses affect the voltage magnitudes of 409 
the network, a load flow study was carried out to determine the voltage magnitudes of all the 410 
buses under a specified distribution of ESS across the network. There are 9 different 411 
distributions of ESS being designed across the RTS netework; 1) ESS on PV buses only in 412 
zone 1, 2) ESS on PQ buses only in zone 1, 3) ESS on PV buses only in zone 2, 4) ESS on PQ 413 
buses only in zone 2, 5) ESS on PV buses only in zone 3, 6) ESS on PQ buses only in zone 3, 414 
7) ESS on PV buses only of the network, 8) ESS on PQ buses only of the network and 9) ESS 415 
on every bus. These 9 different distributions of ESS are studied under the conditions of 416 
maximum and minimum power mismatches between demand and generation identified over 417 
the simulation. The maximum and minimum power mismatches are used because these two 418 
periods are the most likely conditions to create voltage violations to the network. 419 
 420 
 421 
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 422 
Fig. 14. Voltage magnitudes of all the buses under 9 distributions of ESS with the maximum 423 
power mismatch 424 
 425 
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 426 
 427 
Fig. 15. Voltage magnitudes of all the buses under 9 distributions of ESS with the minimum 428 
power mismatch 429 
 430 
Fig. 14 and 15 show the busbar voltage profiles of various ESS distributions at maximum and 431 
minimum power mismatches. The results show that the 9 distributions of ESS do not create 432 
any voltage violations to the network.   433 
 434 
3.3 Determination of Power and Energy Ratings of ESS for the Best Quality of 435 
Frequency Regulation   436 
 437 
Table 3. Maximum power injection and absorption of power and energy from ESS 438 
ESS 
Location 
Maximum 
Power Injection 
of ESS (MW) 
Maximum 
Power 
Absorption of 
ESS (MW) 
Maximum 
Injection of ESS 
Energy (MWh) 
Maximum 
Absorption of 
ESS Energy 
(MWh) 
Zone 1 44.39 -40.45 12.12 -14.48 
Zone 2 42.16 -44.2 11.39 -15.06 
Zone 3 47.75 -48.56 11.3 -13.94 
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All 
Zones 
16.91 -16.10 12.34 -17.16 
 439 
 440 
The daily power and energy capacity required for the ESS to carry out frequency regulation 441 
based on a week of simulation under 9 ESS distributions are determined and shown in Table 3. 442 
Since it is determined that ESS provides the best quality of frequency regulation when it is 443 
installed in all the zones, the maximum required power supply and capacity of ESS are 444 
identified to be 16.91 MW and 17.16 MWh respectively. As only 20% of the ESS capacity is 445 
usable, the value is scaled up by a factor of 5. The power and energy ratings of ESS are therefore 446 
chosen to be 20 MW and 100 MWh, which are the round-up figures from 16.91 MW and 85.8 447 
MWh respectively. Hence, a 20 MW/100 MWh ESS is the full capacity ideally to be installed 448 
in all control zones for the best quality of frequency regulation.  449 
 450 
3.4 Performance of the Frequency Regulation Under 20 MW/20 MWh ESS  451 
 452 
Fig. 16 shows the histogram of frequency deviation when the capacity of ESS is 20 MW/20 453 
MWh, which is 20% of the full energy capacity of 20MW/100MWh ESS. It is worth noting 454 
that only energy capacity of ESS is reduced to 20 MWh. The power rating of ESS is maintained 455 
at 20 MW because power supply could not be compromised for frequency regulation. While 456 
the frequency quality in terms of standard deviation and range is slightly worse than that of the 457 
full capacity of ESS as shown in Table 4, it still presents a significant improvement as 458 
compared to that without any ESS.  Table 5 shows the percentage differences between the 459 
frequency deviations of 20 MW/20MWh ESS and 20 MW/100MWh ESS. It is shown that the 460 
frequency deviations of 20 MW/20MWh ESS are only 1 to 2 % bigger than that of 20 461 
MW/100MWh ESS, which is only a marginal reduction in the quality of the frequency 462 
regulation.  463 
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 464 
Fig. 16. Histogram of frequency deviations for the three zones under 20 MW/20MWh ESS 465 
 466 
Table 4. Standard deviation of three contributing levels of 20 MW/100 MWh ESS  467 
ESS Frequency Deviation (Hz) 
Control Zone Standard Deviation 
No ESS Z1 0.0153 
Z2 0.0158 
Z3 0.0162 
Full Capacity of 20 
MW/100 MWh ESS 
Z1 0.0106 
Z2 0.0106 
Z3 0.0106 
20 MW/20 MWh ESS, 
20 % of Full Energy 
Capacity 
Z1 0.0108 
Z2 0.0108 
Z3 0.0107 
 468 
Table 5. Percentage differences between frequency deviation of 20 MW/20 MWh ESS and 469 
20MW/100 MWh ESS 470 
 471 
Control Zone Difference of Frequency 
Deviations (%) 
Z1 1.89 
Z2 1.89 
Z3 0.94 
 472 
 473 
3.5 SOC Profiles of ESS  Under 20MW/100MWh ESS and 20MW/20 MWh ESS  474 
 475 
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Fig. 17 and 18 show the SOC profiles of the full capacity of 20MW/100MWh ESS and 20 476 
MW/20 MWh ESS. The full capacity of ESS presents a smooth SOC profile as it stays around 477 
the defined healthy operating range due to the actions of the offset algorithm. As for the 20 478 
MW/20 MWh ESS, the SOC stays within the healthy range with several spikes due to the 479 
frequent actions of the offset algorithm to reserve the energy content of ESS.  480 
 481 
Fig. 19 and 20 show the maximum and minimum SOC on zone 1, 2 and 3 under various energy 482 
capacity levels of 20 MW/100 MWh ESS. It is shown that the SOC always stays within the 483 
healthy range throughout the operation of ESS regardless of the contributing levels of ESS. 484 
 485 
Fig. 17. SOC profiles on zone 1, 2 and 3 under the full capacity of 20 MW/100MWh ESS 486 
 487 
Fig. 18. SOC profiles on zone 1, 2 and 3 under 20 MW/20 MWh ESS 488 
 489 
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 490 
Fig. 19. Weekly maximum SOC on zone 1, 2 and 3 under various contributing levels of 20 491 
MW/100MWh ESS 492 
 493 
 494 
Fig. 20. Weekly minimum SOC on zone 1, 2 and 3 under various contributing levels of 20 495 
MW/100 MWh ESS 496 
 497 
3.6 Performance of Frequency Regulations under the Penetration of Photovoltaic 498 
Systems on the Network 499 
 500 
The penetration of photovoltaic systems on the network reduces the total inertia of the network, 501 
causing the network to be vulnerable to frequency changes under the same power mismatches 502 
between generation and load demand. To understand how the presence of photovoltaic systems 503 
can affect the frequency fluctuations and how ESS can contribute to the stability of the system 504 
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frequency, a case study was carried out whereby photovoltaic systems are distributed across 505 
the network with its total capacity being 25 % of the maximum load demand of the network. 506 
The distribution of the photovoltaic systems has been illustrated in Fig 8. The results of the 507 
case study are shown in Table 6, displaying the frequency deviations on zone 1, 2 and 3 under 508 
25 % penetration of photovoltaic system with various contributing levels of ESS on the three 509 
zones. It is shown that the standard deviations of the frequency changes on zone 1, 2 and 3 are 510 
the smallest under the 20 MW/100 MWh ESS, followed by 20 MW/20 MWh ESS and under 511 
no ESS.    512 
 513 
Table 6. Standard deviations for three contributing levels of ESS under 25%  penetration of 514 
photovoltaic system 515 
ESS Frequency Deviation (Hz) 
Control Zone Standard Deviation 
No ESS Z1 0.0164 
Z2 0.0169 
Z3 0.0173 
20 MW/ 
100 MWh ESS 
Z1 0.0112 
Z2 0.0112 
Z3 0.0111 
 
20 MW/ 
20 MWh ESS 
Z1 0.0121 
Z2 0.0122 
Z3 0.0121 
 516 
Table 7 shows the percentage difference between the frequency deviations of 20 MW/20 MWh 517 
ESS and 20 MW/100 MWh ESS. It is shown that the frequency deviations of 20 MW/20 MWh 518 
ESS are bigger that of 20 MW/100 MWh ESS by 8.04 %, 8.93 % and 9.01 % on zone 1, 2 and 519 
3 respectively. These differences are less than 10 %, which proves that a reduced capacity of 520 
ESS can still be an effective means of regulating frequency on the network with the high 521 
penetration of photovoltaic systems with the aid of offset algorithms.   522 
 523 
Fig. 21 shows the SOC of 20 MW/20 MWh ESS under 25 % penetration of photovoltaic 524 
systems on the network throughout the simulation. It is noticed that SOC stays within the range 525 
of 60 % and 85 % with more spikes as compared to that without any photovoltaic system as 526 
shown in Fig 18. This result shows that ESS has sufficient energy to operate continuously to 527 
regulate the frequency without much concern on the depletion of the energy content of ESS 528 
even though ESS is only 20 % of its full energy capacity. 529 
 530 
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Table 7. Percentage differences between standard deviations of 20 MW/20 MWh ESS and 20 531 
MW/100 MWh ESS under 25% penetration of the photovoltaic system 532 
Control Zone Difference in Standard 
Deviation (%) 
Z1 8.04 
Z2 8.93 
Z3 9.01 
 533 
 534 
Fig. 21. SOC profiles of 20 MW/20 MWh ESS under 25 % penetration of photovoltaic 535 
system 536 
 537 
4. CONCLUSION 538 
The research proposes a work package to analyze utilizing ESS to carry out frequency 539 
regulation on the power grid. The frequency response and power output of each component on 540 
the grid are simulated with a SFR model in MATLAB/Simulink before feeding the inputs to 541 
Matpower to study the impact of ESS locations on the grid voltages. The research shows that 542 
having ESS on every control zone provides the best frequency quality as frequency regulation 543 
would not have to rely on inter-area power transfer but to be addressed within each control 544 
zone. The research also shows that the reduction in the energy capacity of ESS does not 545 
diminish the quality of frequency regulation service significantly. However, the SOC profiles 546 
of ESS present many spikes and dips, especially under high PV penetration due to the frequent 547 
actions of the offset algorithm. Also, the frequency regulation service provided by ESS has not 548 
created any grid voltage violation throughout the course of study.  549 
 550 
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Utilizing ESS for frequency regulation comes at the cost of extracting more energy from the 551 
power plants as ESS is not a power source. Coupled with roundtrip efficiency and non-zero 552 
mean nature of regulation signals, ESS requires charging from the power grid most of the time. 553 
However, with photovoltaic systems penetration in the grid, the power plant energy can be 554 
reduced as they can act as power sources to charge the ESS and to meet the load demand. The 555 
proposed work package provides flexibility for researchers to test out multiple or new power 556 
sources or loads for frequency regulation analysis due to the modular design of the work 557 
package. Such study can also be extended to various networks like distribution networks or 558 
microgrids.  559 
 560 
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Appendix 565 
TPP; Speed Governor Time Constant (TC), Ttg = 0.08s, Coefficient of Reheat Steam Turbine, 566 
Krt = 0.3, Reheat TC, Trt = 10s, Turbine TC, Ttt = 0.3s 567 
HPP; Main Servo TC, Thg = 0.2s, Speed Governor Rest Time, Tr = 5s, Transient Droop TC, 568 
Trh = 28.75s, Water TC, Tw = 1s 569 
GPP; b = 0.05, c = 0.1, Speed Governor Lead TC, X = 0.6s, Speed Governor Lag TC, Y = 1s, 570 
Combustion Reaction Time Delay, Tcr = 0.01s, Fuel TC, Tf = 0.23s, Compressor Discharge 571 
Volume TC, Tcds = 0.2s 572 
Power System; Grid Inertia Constant, M = 0.261 (Z1), 0.214 (Z2), 0.095 (Z3) GW/Hz/s, Load 573 
Damping Constant, D = 0.039 (Z1), 0.032 (Z2), 0.014 (Z3) GW/Hz, High-Pass Filter TC, Thp 574 
= 10s, Frequency Deadband = ±0.01Hz, Secondary Control Integral Gain, Ki = 0.131 (Z1), 575 
0.107 (Z2), 0.048 (Z3) GW/Hz/s, Bias Factor, 𝐵 = 0.627 (Z1), 0.533 (Z2), 0.288 (Z3) 576 
ESS; TC, Tess = 1s, Controller Integral Gain, Ibess = 1.5GW/Hz/s, Controller Derivative Gain, 577 
Dbess = 1.5GWs/Hz, SOC Threshold, SOCT = 65%/85%, Rate of Power Offset, 𝑅′𝑜 = 0.003 578 
(Z1), 0.001 (Z2), 0.0006 (Z3) GW/hr, Droop, Ress = 0.04Hz/GW 579 
 580 
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